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Abstract
T-cells and antigen presenting cells are an essential part of the adaptive immune response
system and how they interact is crucial in how the body effectively fights infection or re-
sponds to vaccines. Much of the experimental work studying interaction forces between
cells has looked at the average properties of bulk samples of cells or applied microscopy to
image the dynamic contact between these cells. In this paper we present a novel optical
trapping technique for interrogating the force of this interaction and measuring relative inter-
action forces at the single-cell level. A triple-spot optical trap is used to directly manipulate
the cells of interest without introducing foreign bodies such as beads to the system. The opti-
cal trap is used to directly control the initiation of cell-cell contact and, subsequently to termi-
nate the interaction at a defined time point. The laser beam power required to separate
immune cell pairs is determined and correlates with the force applied by the optical trap. As
proof of concept, the antigen-specific increase in interaction force between a dendritic cell
and a specific T-cell is demonstrated. Furthermore, it is demonstrated that this interaction
force is completely abrogated when T-cell signalling is blocked. As a result the potential of
using optical trapping to interrogate cellular interactions at the single cell level without the
need to introduce foreign bodies such as beads is clearly demonstrated.
Introduction
Using a high numerical aperture microscope objective lens and a laser beam, optical trapping
provides three dimensional control and manipulation of objects ranging in size from hundreds
of nanometers to tens of microns [1]. Since the first demonstration of optical trapping and
manipulation of viruses and bacteria in the late 1980s, optical trapping has emerged as a pow-
erful tool with many applications in the life sciences. Applications range from manipulation
and positional control, to the measurement of forces within the pico-Newton range, a magni-
tude that is comparable to many biological functions [2, 3]. In particular it has proven to be an
incredibly useful non-invasive tool for probing and understanding cells at the single-cell level,
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as opposed to analyzing bulk samples, providing additional insight into the behavior and func-
tion of individual cells [4]. Holographic optical traps can provide re-configurable positional
control of several trap positions simultaneously [5], allowing cell orientation and cell contact
time to be controlled and giving precise control over multiple particles. Using an optical trap it
is possible to control the length of a specific interaction and ensure that the interaction studied
is the initial contact between a cell pair. Optical trapping provides an excellent route to not
only control but also to quantify relative interaction forces on the pico-Newton scale, making
them ideal for initial stage cell pair interaction studies [4].
Competing technologies capable of studying the relative interaction force between single
cell pairs include atomic force microscopy (AFM), magnetic tweezers and micropipette as-
piration [6–8]. For cell-cell interaction measurements using an AFM a cell is attached to a can-
tilever tip and the deflection of the tip monitored as the cell is brought into contact with a
neighboring cell. Magnetic tweezers inject exogenous ferromagnetic beads into a sample and
observe the motion of the beads in response to directional magnetic fields. The beads them-
selves have to be re-magnetized after a period of time making them unsuitable for long term
measurements. When using micropipette aspiration a cell is attached to the end of a micropi-
pette using suction and the deformation and response of this cell monitored in relation to
neighboring cells [8]. In terms of measurement range optical tweezers are unique covering a
lower range of forces then competing techniques, operating between 0.1–100 pN compared to
~5–10,000 pN for AFM and 2–50 pN for magnetic tweezers [6, 7]. Perhaps most importantly,
optical tweezers do not require mechanical contact with the cell of interest, for example via a
cantilever or micro-pipette, and therefore greatly reduce the possibility of cell and sample
damage during measurement. This has an added advantage that, for the periods of time when
the optical trapping laser is turned off, the cell is free to interact without physical attachment
and can therefore scan target cells freely during the interaction period, more closely replicating
the in vivo situation. Wei et al. and Miller et. al. have demonstrated the importance of T cells
to be able to scan the surface of neighboring cells during the interaction processes [9, 10].
T-cells and antigen presenting cells (APC) are an important group of cells that form part of
our adaptive immune system, responsible for clearing an infection and establishing immuno-
logical memory. How these cells interact with each other, and the force or duration of their
interaction, is known to determine the type of immune response and whether the body suc-
cessfully fights a particular pathogen or disease [11, 12]. In vivo imaging of these interactions
has revealed the dynamic nature of this process [13] and the difference the dose of antigen or
the duration of the interaction can have on the development of an effective immune response
[14, 15]. To date there are conflicting studies on what effect the duration and strength of the
cellular interaction has on the efficiency of T-cell activation and the development of an
immune synapse [16, 17]. A well calibrated optical trapping system therefore provides the
ideal route to study and interrogate the early stages of these interactions at the single-cell level.
In 1991 Seeger et al. showed that optical trapping could be a useful tool in immunology to
observe the first stages of cellular interactions, improving on previous techniques requiring
time-consuming sample preparation which meant that the initial stages of interaction were
often missed [18]. Seeger et al. were interested in the interaction between natural killer cells
and cancer cells and used an optical trap to move a single natural killer cell to its target [18].
Subsequently, optical trapping has been used in conjunction with optical sectioning micros-
copy to orientate an immune cell pair and place the immunological synapse in the image plane
of a confocal microscope [19]. Studies have used optical trapping to probe the sensitivity of a
T-cell to stimulation using an antibody coupled to exogenous beads to examine the cell signal-
ing associated with cell activation [18–24]. The response of the T-cell to non-specific activation
was monitored by imaging the calcium flux [17, 20] or observing the cells morphological
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response [21]. Morrison et al. have used optical trapping to investigate the role an adhesion
receptor called Beta2-integrin has on regulating an immune response by measuring the inter-
action force between T-cells and dendritic cells [25].
The work presented here builds on these initial studies and represents a significant advance
over previous systems employed to manipulate T-cells [26]. We combine the capacity to
manipulate interactions in real-time whilst also determine the relative interaction forces asso-
ciated with antigen recognition. We present a reliable, versatile methodology for interrogating
the interaction force between T-cells and dendritic cells and observe changes in the relative
force due to pharmacological inhibition of cell signaling. Importantly, not only does our
approach study the relative interaction force at a single cell level but we directly trap the T-cells
themselves removing the need to introduce exogenous beads and foreign bodies to the sample
which run the risk of artificially perturbing the system we are trying to measure.
Methodology
The optical trapping system consisted of a Ventus IR, 3 W, TEM00, continuous wave laser
(Laser Quantum, UK) with a wavelength of 1064 nm that was expanded to just overfill a spatial
light modulator (SLM; Boulder Nonlinear Systems, USA). The SLM consisted of 512x512 indi-
vidually addressable pixels that altered the phase of the light and projected a hologram onto
the back aperture of a microscope objective using a technique known as holographic optical
tweezers or HOT [5, 27]. For the experiments conducted here the SLM was used to project a
diffraction pattern onto the back aperture of the microscope objective, altering the spacing and
angle of the diffraction pattern resulted in changing the position of the optical trap in x and y
in the sample plane. The system was designed round a Nikon TE2000-U inverted microscope
(Nikon, UK) equipped with a heated stage (Brunel Microscopes, UK) to maintain temperature
at 37˚C throughout the experiment. The microscope had a high-precision, computer con-
trolled, sample stage (Advanced Scientific Instruments, USA). The microscope objective was a
×100 oil immersion objective with a high numerical aperture (NA = 1.3) required for optical
trapping. The laser power was manually adjusted and measured at the back aperture of the
objective. To calculate the power at the sample a 39% loss was assumed through the objective
lens [28]. Images were acquired either with a QCam colour camera (Qimaging, Canada) or a
monochrome Genie camera (TeledyneDALSA, Canada). A schematic of the optical system
can be seen in Fig 1.
The primary T-cells used were measured to be 6 μm in diameter (± 0.16 μm; n = 36 cells)
and generally spherical when in suspension, making them ideal candidates for optical trap-
ping. In the technique presented here, the T-cell itself is optically trapped and no exogenous
beads are added to the system. When trapped with a single Gaussian beam, focal spot ~ 500
nm in diameter, the T-cells are liable to roll within the trapping volume and their orientation
can change throughout an experiment or individual measurement. This is due to a high refrac-
tive index feature of the cell being trapped rather than the cell as a whole. To fix the position of
the trapped T-cell and prevent any re-orientation and rolling during an experiment we used a
triple-spot trapping beam, similar to that described in reference [29]. To achieve this the laser
beam was split into three separate beams using the SLM and the three focal points, each nomi-
nally with Gaussian intensity distributions, were positioned just inside the cell membrane sep-
arated by approximately 5 μm (see Fig 2).
The viability of optically trapped T-cells have been previously confirmed by McAlinden
et al. using propidium iodide as a fluorescence maker for viability [30]. Here it was shown that
T-cells can be optical trapped with a triple-spot trap for over an hour using a 1064 nm wave-
length laser beam and ~30 mW of power at the sample without showing any sign of damage.
Optical trapping and immune cell interations
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Dendritic cells were generated from bone marrow of C57BL/6 mice by culture in RPMI
supplemented with L-Glutamine (2 mM), penicillin (100 μg/ml), streptomycin (100 μg/ml),
10% fetal calf serum (all Invitrogen, UK) and 10% of culture supernatant from X63 myeloma
cells transfected with mouse GM-CSF, as previously described [31]. Mature dendritic cells
were plated at a final concentration of 1x104/ml and antigen pulsed with 1 mg/ml ovalbumin
(OVA; Sigma-Aldrich, UK) and/or stimulated with 1 μg/ml LPS (Sigma-Aldrich) overnight at
37˚C in 5% CO2. Sample slides were used (ibidi, Germany) with pairs of chambers connected
via a flow channel to ensure the T-cell was interacting with the APC for the first time and had
not been in previous contact. Dendritic cells were added into one well and cultured overnight,
allowing them to adhere to the bottom coverslip of the imaging chamber. CD4+OVA-specific
T-cells were isolated from OT-II mice using negative selection (Miltenyi Biotec, UK) and re-
suspended at 1x104/ml for addition to the imaging chamber. In the later experiments the T-
cells were treated for 1 hour with 10 μMFR180204 (ERK inhibitor [32]; Tocris Bioscience,
UK). The OT-II transgenic mice were originally from Charles River Laboratories (USA), and
were maintained as colony at the Biological Procedure Unit (BPU) of Strathclyde Institute of
Pharmacy and Biomedical Sciences (SIPBS). They express an alpha and beta chain TCR that
pairs with CD4 co-receptor and is specific for the Ovalbumin (OVA) 323–339 peptide in the
context of I-Ab. All lymphocyte preparations were prepared from these mice.
Fig 1. A schematic of the optical trapping system. A 1064 nm wavelength laser beam was expanded using lenses L1 and L2 to fill the spatial light
modulator (SLM) display. The SLM is re-imaged onto mirror 5 (M5), using lenses L3 and L4, and then from M4 onto the back aperture of the microscope
objective lens, using lenses L5 and L6. A periscope directs the light into the main body of the microscope and a dichroic mirror reflects the 1064nm light to the
sample, transmitting the white light used for imaging. M1-4 are beam steering mirrors.
https://doi.org/10.1371/journal.pone.0188581.g001
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Fig 2 shows a series of images outlining the experimental procedure used to characterize
the interaction force between immune cell pairs. First, the optical trap selects and isolates the
T-cell of interest and the sample stage is moved to bring the T-cell into contact with a dendritic
cell, initiating cell contact. After a pre-determined amount of time the optical trap is re-
instated 5μm from the interacting T-cell and the laser beam power gradually increased.
Increasing the laser power increases the external force acting on the T-cell and eventually the
cellular contact is broken and T-cell again held in the optical trap. The power required to
break the cellular contact is attributed to a maximum optical trapping force and this provides a
relative cellular interaction force at the point when the T-cell is released from the dendritic
cell. It is important that the optical trapping force is pre-calibrated and the relationship be-
tween laser beam power and total trapping force accurately known. The method used to cali-
brate the trap will be discussed in detail in the next section.
Results
Calibration of the triple spot optical trap
We have previously demonstrated the ability of a triple-spot trap, with three trapping sites
placed just inside the cell wall, to reduce cell roll and re-orientation during measurement [29].
For the experiments presented here it is important that the relationship between trapping
force and laser beam power is correctly calibrated so that the cellular interaction force can be
inferred from the laser beam power required to separate a cell pair. Several well-established
approaches exist that allow the trap strength/trapping force to be measured and the choice of
Fig 2. The methodology used to study interaction forces between T-cells and dendritic cells. The optical trap (red spots)
was used to bring the cells into contact (i). As soon as contact was made (ii), the trap was blocked and the cells left to interact for a
given period of time (iii—iv). Subsequently, the trap was re-instated 5 ȝm from the T cell (v) and the laser beam power
incrementally increased until the T-cell was released from the dendritic cell and held by the optical trap, breaking cell contact (vi).
The scale bar represents 4ȝm.
https://doi.org/10.1371/journal.pone.0188581.g002
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approach will depend upon the distances or displacements from the trap center. For small dis-
placements of an object from trap centre it is possible to model the trap as a weight on a spring
and apply Hooke’s Law where F = −kxwith F the optical trapping force, k the trap strength or
spring constant and x the displacement of the object from trap center. To determine the dis-
tance over which Hooke’s Law applies when using the triple spot trap, a 6μm diameter polysty-
rene bead was optically trapped (a size comparable to the T-cells of interest) and an external
viscous drag force applied by moving the sample stage at a known and constant speed. A center
of mass tracking algorithm was used to track the position of the bead in response to the exter-
nal force, see Fig 3A. For the data presented in Fig 3, the total laser beam power was 25mW at
the sample, and this was split between the three trapping sites. The sample stage speeds applied
were selected to be below the speed at which the bead would be released from the trap.
Fig 3A shows twelve traces of trap position versus time relating to sample stage speeds
increasing from 10 μms-1 to 230 μms-1 when the stage is first moved in the negative x direction
for 3 cycles and then in a positive x direction for 3 cycles. Fig 3B presents the external viscous
drag force, determined using Stokes’ Law, versus the average displacement of the trapped bead
from equilibrium position. The sample stage was moved in a negative x direction and then posi-
tive x direction to increase the number of points included in Fig 3B. The trap depth (i.e. the
Fig 3. Characterizing the relationship between displacement from equilibrium and force for a 6ȝm bead trapped using a triple spot
optical trap. a) shows the relationship between displacement versus time for a trapped bead when exposed to an increasing external viscous
drag force created by moving the sample stage with increasing speed (the arrow represents speed increasing from 10 ȝms-1 to 230 ȝms-1). b)
shows the average bead displacement, taken from plot 3a, against applied external force in pN showing a linear relationship between force
and displacement when the displacement  2000 nm. Data taken at a fixed laser beam power.
https://doi.org/10.1371/journal.pone.0188581.g003
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distance between the trapped bead and the bottom coverslip) was kept constant throughout.
Beyond 2μm displacement from equilibrium (equivalent to 1/3 of the beads diameter) and a
sample stage speed 230 μms-1 the bead no longer remains trapped, the relationship between
force and displacement is no longer linear and Hooke’s law can no longer be applied. A similar
approach to determining the linear trapping region was taken by Simmons et al [33]. In our
experiment, the trap was placed 5μm from the interacting immune cells and we are therefore
working in a regime where Hooke’s Law does not apply and methods such as the equipartition
method [1] cannot be applied. When applied to optical trapping, the equipartition method
equates the thermal energy in the system to the potential energy stored in the optical trap using
Hooke’s Law and therefore assumes that displacement from trap center is linearly proportional
to force. Instead the viscous drag force method [33, 34] was used to measure the maximum opti-
cal trapping force.
For the viscous drag force method, at a fixed laser beam power, the sample stage velocity is
increased until the cell or bead is released from the optical trap and at which point the trapping
force is equated to the viscous drag force determined using Stokes’ Law where F = −6piđaV and
đ the viscosity of the surrounding medium, a the diameter of the trapped object and V the rela-
tive speed between the sample stage and trapped object. The sample stage was moved as
opposed to the trapped cell since the optical trapping force is known to vary across the field of
view, particularly when using an SLM due to optical aberrations and varying diffraction effi-
ciency. Fig 4 compares the relationship between laser beam power at the sample and trapping
force for a single-spot trap and a triple-spot trap when trapping a T-cell, each data point repre-
senting an average of 36 readings. The trap depth was kept fixed at 5 μm above the coverslip to
ensure that the trapping force did not vary due to changing proximity to a boundary. For both
the single-spot and the triple-spot trap the trapping force increased linearly with laser beam
power as would be expected. The range of laser beam powers available places an upper and
lower limit on the force measurement. Since some interactions exceeded the maximum force
we could apply and the contact could not be broken we present the median instead of the
mean for each data set shown in Figs 5 and 6.
Fig 4. Laser beam power at the sample versus optical trapping force for a T-cell trapped using a
single-spot (black squares) and triple-spot (red squares) trap. Trap depth was kept constant at 10 ȝm
above the coverslip surface, and each point represents the mean  standard deviation of 36 individual
measurements.
https://doi.org/10.1371/journal.pone.0188581.g004
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Interrogating the interaction force between individual T-cells and
dendritic cells
To confirm the ability of the technique to manipulate cell-cell interactions and infer a relative
interaction force, we used dendritic cells to present antigen to T-cells with known antigen-
specificity. OVA-specific T-cells are commonly used in immunological studies and are rou-
tinely used in imaging experiments. Fig 5 compares the relative interaction force between indi-
vidual T-cells and dendritic cells after 30 seconds of contact time for 15 cell pairs for each case.
In the absence of antigen (-OVA group), the cellular interactions were relatively easy to dis-
rupt and a median trapping force of 3.3 pN (± 1.4 pN) was required to separate the T-cell from
the dendritic cell. Conversely, when T-cells were presented with their cognate antigen, a signif-
icantly greater force was required to separate cell pairs (median force of 8.5 pN ± 5.7 pN). This
represents a 2.6 fold increase in relative cellular interaction force for the with antigen case,
when the cognate antigen was present on the dendritic cells, compared to the without antigen
case.
Finally, the potential of this single cell-pair approach for investigating the mechanism of
action of therapeutic candidates was assessed. For the first intervention the dendritic cells were
stimulated with lipopolysaccharide (LPS) to increase expression of adhesion and costimulatory
Fig 5. Antigen-specific increase in interaction force between dendritic cells and T-cells. Bone marrow-derived dendritic cells were
pulsed with 1 mg/ml OVA (filled symbols) before addition of OVA-specific OT-II T-cells. Control cells remained un-pulsed (empty
symbols). The relative force required to separate T-cells and dendritic cells after 30 seconds of interaction was determined for 15 cell
pairs using the approach outlined in Fig 2. The black lines represent the median average of the measurements. The dotted grey line the
minimum and maximum measurement range. A significant difference in relative interaction force is seen as evidenced by the Mann
Whitney test (p 0.005).
https://doi.org/10.1371/journal.pone.0188581.g005
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molecules on the surface of dendritic cells [35]. In the second intervention, T-cell ERK activity
was inhibited as a way of attenuating the development of an immunological synapse between
the T-cell and dendritic cell [36, 37]. The maximum optical force required to separate> 10 cell
pairs for each condition, including the untreated without antigen cells, was measured after 120
second interaction time, the full data set is presented in Fig 6 and summarized in Table 1.
Discussion
T-cells demonstrated a more than two-fold increase in interaction force with dendritic cells
when the dendritic cells had been pulsed with a specific antigen and the cells allowed to
Fig 6. Interrogating changes in the cellular interaction force as a result of therapeutic intervention. Cell interaction
forces measured as in Fig 5 except that the dendritic cells were pre-stimulated with LPS or the T-cells were pre-treated with 10 ȝM
of ERK-inhibitor FR180204 prior to analysis. After the optical trap was used to establish contact, cells were allowed to remain in
contact for 120 seconds before measuring the relative interaction force. The plot shows the relative force required to separate the
cell pairs with the median indicated with a red line, the dotted grey line represents the detection range. (*** p 0.0005, by Mann
Whitney test).
https://doi.org/10.1371/journal.pone.0188581.g006
Table 1. The median relative interaction forces presented in Fig 5 measured after a 120 second interaction time between the T cells and dendritic
cells.
Unpulsed DC (-OVA) Antigen pulsed DC (+OVA)
Unstimulated 5.3  1.0 pN 11.4  1.1 pN
LPS-stimulated 4.5  0.6 pN 15.5  0.7 pN
FR180204-treated 3.7  0.5 pN 3.9  0.5 pN
https://doi.org/10.1371/journal.pone.0188581.t001
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interact for 30 seconds or 120 seconds compared to the unpulsed case when specific antigen
was not present, see Figs 5 and 6. For example, after an interaction time of 120 seconds the rel-
ative interaction force between the cell pairs increased from 5.3 ± 1.0 pN to 11.4 ± 1.1 pN for
the case when the specific antigen was present. These results confirm the sensitivity of the mea-
surement technique to the presence of cognate antigen present on the dendritic cell and recog-
nized by the T-cell.
Crucially, this antigen-dependent force is seen to increase further, from 11.4 ± 1.1 pN to
15.5 ± 0.7 pN, when dendritic cells are activated with LPS which is known to increase the sur-
face expression of adhesion molecules and enhance T-cell activity. When the dendritic cells
had been activated with LPS a 3.5 fold increase in cellular adhesion force was observed com-
pared to the without antigen case, see Fig 6. Conversely, when T-cells were pre-treated with
the ERK inhibitor, the interaction force of these T-cells with antigen-pulsed dendritic cells was
significantly reduced, from 11.4 ± 1.1 pN to 3.9 ± 0.5 pN, to a level similar to cells interacting
with un-pulsed dendritic cells (3.7 ± 0.5 pN), suggesting that preventing formation of the
immunological synapse has an early impact on the development of interaction forces.
The minimum and maximummeasurable forces, clear in the floor and ceiling levels in Figs
5 and 6, arise from the range of laser beam power and hence the optical trapping force avail-
able. The SLM, used to create the three-point trap, makes the optical system inefficient, as it is
a diffractive optical element, and would be the obvious optic to replace in order to generate
higher trapping powers in the future. If a single-point trap was required the SLM could be
replaced with a galvanometer controlled mirror or if a triple-spot trap was required it would
be possible to use 3 laser beams. The benefit of the SLM over these two other solutions is that it
is reconfigurable and the position and number of traps can be altered in real-time. The data
points on the maximum relative force of 17.6 pN relate to cell pairs where it was not possible
to break the interaction force and separate the T-cell from the dendritic cell and for this reason
we report the median of the data points as opposed to the mean. Calculating the mean would
lead to a misleading representation of the data sets since the values of the outlying data points
are not known. To calculate the median, only the values of the central data points are required
making it more suitable for representing the data sets in study. This technique is best suited to
measuring the initial interaction (i.e. the interaction that forms in the first few minutes of cell
contact), as after this time the contact formed between the cells will be too great to be separated
with the optical trap. For this reason, in this study we looked at the interaction after 30 or 120
seconds. Our results are in good agreement with atomic force microscopy and micropipette
methods that report interaction forces in the range of pN to nN, although such approaches
often require several minutes of contact time to generate detectable levels of force [38, 39].
Conclusion
We have presented a non-invasive optical trapping approach for interrogating the early stage
interaction forces between individual immune cell pairs. This approach directly traps the cells
of interest removing the need to incorporate exogenous beads to the biological system. Using
an optical approach avoids having any direct mechanical contact with the cells, as would be
necessary with an AFM or micro-pipette approach, and removes the risk of disturbing the nor-
mal function of the cell. Here we use a triple-spot optical trap to trap the cell as a whole and
prevent the cell re-orientating within the trap. In future this will be particularly relevant for
applications of optical trapping that use the equipartition equation and Hookes’ Law to deter-
mine trap strength. These approaches rely on accurately tracking fluctuations in the trapped
object’s position over time due to Brownian motion, any additional movement due to the
object rolling around in the trap would produce incorrect results. When implementing a
Optical trapping and immune cell interations
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triple-spot trap it is worth noting that it can decrease the maximum trapping force available,
for the experiments presented here the maximum trapping force decreased by approximately
20% (see Fig 4). Crucially we have demonstrated that this technique is sensitive to changes in
interaction forces due to therapeutic intervention, demonstrating its future role in testing new
immunotherapeutics that may attenuate cellular interactions, as well as use as a research tool
to enhance our understanding of T-cell activation.
Acknowledgments
We thank Dr. David Lappin, University of Glasgow, for advice on the statistical analysis.
Author Contributions
Conceptualization: Owain R. Millington, Amanda J. Wright.
Funding acquisition: Amanda J. Wright.
Investigation: David G. Glass, Niall McAlinden.
Methodology: David G. Glass, Niall McAlinden, Owain R. Millington, Amanda J. Wright.
Supervision: Owain R. Millington, Amanda J. Wright.
Writing – original draft:Owain R. Millington, Amanda J. Wright.
Writing – review & editing: David G. Glass, Niall McAlinden, Owain R. Millington, Amanda
J. Wright.
References
1. Neuman KC, Block SM. Optical trapping. Review of Scientific Instruments. 2004; 75:2787–2809.
https://doi.org/10.1063/1.1785844 PMID: 16878180
2. Maklygin AY, Priezzhev AV, Karmenyan AV, Nikitin SY, Obolenskii IS, Lugovtsov AE, et al. Measure-
ment of interaction forces between red blood cells in aggregates by optical tweezers. Quantum Elec-
tron. 2012; 42: 500.
3. Andersson M, Madgavkar A, Stjerndahl M, Wu Y, Tan W, Duran R, et al. Using optical tweezers for
measuring the interaction forces between human bone cells and implant surfaces: System design and
force calibration. Rev Scientific Instrum. 2007; 78: 074302.
4. Zhang H, Liu K-K. Optical tweezers for single cells. Journal of the Royal Society Interface 2008; 5:671–
690.
5. Curtis JE, Koss BA, Grier DG. Dynamic holographic optical tweezers. Optics Communications. 2002;
207:169–175.
6. Addae-Mensah KA, Wikswo JP. Measurement techniques for cellular biomechanics in vitro. Experi-
mental Biology and Medicine. 2008; 233:792–809. https://doi.org/10.3181/0710-MR-278 PMID:
18445766
7. Neuman KC, Nagy A. Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and
atomic force microscopy. Nature Methods. 2008; 5:491–505. https://doi.org/10.1038/nmeth.1218
PMID: 18511917
8. Husson J, Chemin K, Bohineust A, Hivroz C, Henry N. Force generation upon T cell receptor engage-
ment. PloS ONE. 2011; 6:1–13.
9. Wei SH, Safrina O, Yu Y, Garrod KR, Cahalan MD. Parkeret I. Ca2+ Signals in CD4+ T Cells during
early contacts with antigen-bearing dendritic Cells in lymph node. J. Immunol. 2007; 179:1586–1594.
PMID: 17641025
10. Miller MJ, Wei SH, Cahalan MD, Parker I. Autonomous T cell trafficking examined in vivo with intravital
two-photon microscopy. Proc. Natl. Acad. Sci. 2003; 100:2604–2609. https://doi.org/10.1073/pnas.
2628040100 PMID: 12601158
11. Rush CM, Millington OR, Hutchison S, Bryson K, Brewer JM, Garside P. Characterization of CD4+ T-
cell–dendritic cell interactions during secondary antigen exposure in tolerance and priming. Immunol-
ogy. 2009; 128:4.
Optical trapping and immune cell interations
PLOS ONE | https://doi.org/10.1371/journal.pone.0188581 December 8, 2017 11 / 13
12. Brewer JM, Millington OR, Zinselmeyer BH, Garside P, Rush C. Malaria impairs T cell clustering and
immune priming despite normal signal 1 from dendritic cells. Inflammation Research. 2007; 56:1380–
1387.
13. Bousso PT. T-cell activation by dendritic cells in the lymph node: lessons from the movies. Nature
Reviews Immunology. 2008; 8:675–684. https://doi.org/10.1038/nri2379 PMID: 19172690
14. O’Garra A, Gabrysˇova´ L, Spits H. Quantitative events determine the differentiation and function of
helper T cells. Nature Immunology. 2011; 12:288–294. https://doi.org/10.1038/ni.2003 PMID:
21423225
15. Obst R, van Santen H-M, Mathis D, Benoist CJ. Antigen persistence is required throughout the expan-
sion phase of a CD4+ T cell response. Journal of Experimental Medicine. 2005; 201:1555–1565. https://
doi.org/10.1084/jem.20042521 PMID: 15897273
16. Hosseini BH, Louban I, Djandji D, Wabnitz GH, Deeg J, Bulbuc N, at al. Immune synapse formation
determines interaction forces between T cells and antigen-presenting cells measured by atomic force
microscopy. PNAS. 2009; 106:17852–17857. https://doi.org/10.1073/pnas.0905384106 PMID:
19822763
17. Lim TS, Mortellaro A, Lim CT, Ha¨mmerling GJ, Ricciardi-Castagnoli P, Mechanical interactions between
dendritic cells and T cells correlate with T cell responsiveness. J. Immunology. 2011; 187:258–265.
18. Seeger S, Monajembashi S, Hutter K-J, Futterman G, Wolfrum J, Greulich KO, Application of laser opti-
cal tweezers in immunology and molecular genetics. Cytometry. 1991; 12:497–504. https://doi.org/10.
1002/cyto.990120606 PMID: 1684929
19. Oddos S, Dunsby C, Purbhoo MA, Chauveau A, Owen DM, Neil MAA, et al. High-speed high-resolution
imaging of intercellular immune synapses using optical tweezers. Biophys. J: Biophys. Lett., 2008; 96:
L66–L68.
20. Wei X, Tromberg BJ, Cahalan MD. Mapping the sensitivity of T cells with an optical trap: Polarity and
minimal number of receptors for Ca21 signalling. PNAS. 1999; 96:8471–8476. PMID: 10411899
21. Wei X, Ming-Sing S, Imagawa DK, Ping J, Tromberg BJ, Cahalan MD. Perillyl alcohol inhibits TCR-
mediated [Ca2+]i signaling, alters cell shape and motility, and induces apoptosis in T lymphocytes.
Immunology. 2000; 201:6–13.
22. Anvari B, Torres JH, McIntyre BW. Regulation of pseudopodia localization in lymphocytes through
application of mechanical forces my optical tweezes. J. Biomedical Optics. 2004; 9:865–872. https://
doi.org/10.1117/1.1778178 PMID: 15447007
23. Kim ST, Takeuchi K, Sun ZYJ, Touma M, Castro CE, Fahmy A, Lang MJ, Wagner G, Reinherz EL. The
T Cell Receptor Is an Anisotropic Mechanosensor. J. Biological Chemistry. 2009; 284: 31028–31037.
24. Tam JM, Castro CE, Heath RJW, Cardenas ML, Xavier RJ, Lang MJ, Vyas JM. Control and Manipula-
tion of Pathogens with an Optical Trap for Live Cell Imaging of Intercellular Interactions. 2010; 5:15251.
25. Morrison VL, James MJ, Grzes K, Cook P, Glass DG, Savinko T, et al. Loss of beta2-integrin-mediated
cytoskeletal linkage reprogrammes dendritic cells to a mature migratory phenotype. Nature Communi-
cations. 2014; 5:1–26.
26. Wright AJ, Benson RA, Bowman RW, Gibson GM, Padgett MJ, Girkin JM, et al. Investigating the inter-
action forces between T cells and antigen-presenting cells using an optical trapping system. Proc. of
SPIE. 2011; 8097:80970J.
27. Bowman RW, Gibson GM, Linnenberger A, Phillips DB, Grieve JA, Carberry DM, et al. Red tweezers:
fast, customisable hologram generation for optical tweezers. Computer Physics Communications.
2014; 185:268–273.
28. Neuman KC, Chadd EH, Liou GF, Bergman K, Block SM. Characterization of photodamage to Escheri-
chia coli in optical traps. Biophys. J. 1999; 77:2856–2863. https://doi.org/10.1016/S0006-3495(99)
77117-1 PMID: 10545383
29. McAlinden N, Glass DG, Millington OR, Wright AJ. Accurate position tracking of optically trapped live
cells. Biomed. Opt. Exp. 2014; 5:1026.
30. McAlinden N, Glass DG, Millington O, Wright AJ. Viability studies of optically trapped T-cells. Proc. of
SPIE. 2011; 8097:80970J.
31. Lutz MB, Kukutsch N, Ogilvie AL, Ro¨ssner S, Koch F, Romani N, et al. An advanced culture method for
generating large quantities of highly pure dendritic cells from mouse bone marrow. J. Immunol. Meth-
ods. 1999; 223:77–92. PMID: 10037236
32. Ohori M, Kinoshita T, Okubo M, Sato K, Yamazaki A, Arakawa H, et al. Identification of a selective ERK
inhibitor and structural determination of the inhibitor–ERK2 complex. Biochem. Biophys. Res. Commun.
2005; 336:357–363. https://doi.org/10.1016/j.bbrc.2005.08.082 PMID: 16139248
33. Simmons RM, Finer JT, Chu S, Spudich JA. Quantative measurements of force and displacement
using an optical trap. Biophyiscal Journal. 1996; 70:1813–1822.
Optical trapping and immune cell interations
PLOS ONE | https://doi.org/10.1371/journal.pone.0188581 December 8, 2017 12 / 13
34. Wright AJ, Wood TA, Dickinson MR, Gleeson HF, Mullin T. The transverse trapping force of an optical
trap: factors effecting its measurement. Journal of Modern Optics. 2003; 50:1521–1532.
35. Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature. 1998; 392:245.
https://doi.org/10.1038/32588 PMID: 9521319
36. Dumont FJ, Staruch MJ, Fischer P, DaSilva C, Camacho R. Inhibition of T cell activation by pharmaco-
logic disruption of the MEK1/ERK MAP kinase or calcineurin signaling pathways results in differential
modulation of cytokine production. J. Immunol. 1998; 160:2579–2589. PMID: 9510155
37. Koike T, Yamagishi H, Hatanaka Y, Fukushima A, Chang J-W, Xia Y, et al. A novel ERK-dependent sig-
naling process that regulates interleukin-2 expression in a late phase of T cell activation. J. Biol. Chem.
2003; 278:15685–15692. https://doi.org/10.1074/jbc.M210829200 PMID: 12595531
38. Hoffmann S, Hosseini BH, Hecker M, Louban I, Bulbuc N, Garbi N, et al. Single cell force spectroscopy
of T cells recognizing a myelin-derived peptide on antigen presenting cells. Immunol. Lett. 2011;
136:13. https://doi.org/10.1016/j.imlet.2010.11.005 PMID: 21112354
39. Ng G, Sharma K, Ward SM, Desrosiers MD, Stephens LA, Schoel WM, et al. Receptor-independent,
direct membrane binding leads to cell-surface lipid sorting and syk kinase activation in dendritic cells.
Immunity. 2008; 29:807. https://doi.org/10.1016/j.immuni.2008.09.013 PMID: 18993083
Optical trapping and immune cell interations
PLOS ONE | https://doi.org/10.1371/journal.pone.0188581 December 8, 2017 13 / 13
